Abstract: Pancreatic neuroendocrine tumors (PNETs) are rare primary neoplasms of the pancreas and arise sporadically or in the context of genetically determined syndromes. Depending on hormone production and sensing, PNETs clinically manifest due to a hormone-related syndrome (functional PNET) or by symptoms related to tumor bulk effects (non-functional PNET). So far, radical surgical excision is the only therapy to cure the disease. Development of tailored non-surgical approaches has been impeded by the lack of experimental laboratory models and there is, therefore, a limited understanding of the complex cellular and molecular biology of this heterogeneous group of neoplasm. This review aims to summarize current knowledge of tumorigenesis of familial and sporadic PNETs on a cellular and molecular level. Open questions in the field of PNET research are discussed with specific emphasis on the relevance of disease management.
Introduction
PNETs are a heterogeneous group of pancreatic primaries characterized by expression of proteins associated with the secretory vesicles (neuron-specific enolase, synaptophysin and/or chromogranin A). Functional tumors, such as insulinomas or gastrinomas, are specified by a clinical syndrome (e.g., Whipple trias, Zollinger-Ellison-syndrome etc.), which can be attributed to hormone excess.
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Non-functional tumors-although they do in some cases produce hormones (e.g., pancreatic polypeptide)-by definition do not result in a clinical syndrome. If not sporadic, PNETs are part of genetically determined syndromes, for example multiple endocrine neoplasia 1 (MEN-1).
PNETs are rare tumors, accounting for <3% of all pancreatic neoplasms [1] . The annual incidence is estimated to be 2.2 in 1.000.000 [2] . Five-year overall survival after resection is strikingly associated with tumor type and ranges from 97% for insulinomas ( Figure 1 ) to 30% for non-functional PNETs [3] and is superior to the prognosis of pancreatic ductal adenocarcinomas. In recent studies, 68-90% of PNETs were classified to be non-functional [4] . The rarity of the disease, its heterogeneous endocrinological and oncological behavior, and the lack of appropriate research models aggravate investigation of the molecular pathogenesis of PNETs [5] . Nevertheless, one specific molecular characteristic of selected PNETs, i.e., expression of somatostatin receptor subtypes 2 and 5, is already well established in diagnosis and therapy, since radioisotopes bound to somatostatin analogues facilitate localization and staging while somatostatin receptor agonists play a role in symptom control and chemotherapy of these tumors [4] .
Genetically determined syndromes and high-throughput analyses of sporadic PNETs can shed light on possible molecular hallmarks of tumor initiation. This review is intended to collect the latest data about PNET's molecular characteristics and their implications on pathogenesis and therapy of these tumors.
Methods
PubMed/Medline and Google Scholar databases served for selective literature research. -Pancreatic neuroendocrine tumor‖ or -insulinoma‖ or -gastrinoma‖ were used as queries. Search results were screened for contents covering aspects of molecular pathogenesis of the disease. The citations of the selected papers were used for acquisition of additional relevant publications.
Review of Literature

MEN-1 Syndrome and the Role of Menin in PNET Initiation
The tumor suppressor gene MEN-1 and its protein product menin appear to be the most extensively investigated factor involved in the development of PNETs. For MEN-1 syndrome, more than 300 germline mutations were reported which result in loss-of-function of menin [6] . The tumor suppressing function of menin is not fully understood. However, regulation of gene transcription, genome stability, cell proliferation and apoptosis, were attributed to the menin function (Table 1 ) [7] . Table 1 . Mechanisms of menin tumor suppression (according to [7] ).
Mechanism
Co-factor Regulated Factor Consequence
Transcription activation HMT p27 kip1
Cell growth inhibition p18 ink4c
Hoxc8
Cell differentiation Germline loss-of-function MEN-1 mutation leads to the formation of numerous microadenomas, mostly resulting in non-functional PNET and insulinomas [8] , while MEN-1 associated gastrinomas are regularly located within the duodenum [9] . The MEN-1 gene is located on the chromosome 11q13. Loss of heterozygosity of 11q or somatic MEN-1 mutation is present in up to 46% of sporadic PNETs independent of tumor stage, which make menin and/or other tumor suppressors on 11q good candidates to be involved in tumor initiation in PNETs [10] [11] [12] . Subcellular distribution of menin is disturbed in 80% of sporadic PNETs [13] .
While heterozygous knock-out of MEN-1 in mice results in a good model for the disease [14] , the complexity of menin function was recently underlined by the investigation of rodent islets after α-cell specific knock out of MEN-1, which resulted in the formation of glucagonomas and insulinomas. Trans-differentiation of α-into β-cells and, consecutively, the development of insulinomas were observed. The authors conclude that, besides its tumor suppressing function, menin is a regulator of endocrine cell plasticity. Its disruption in one of the endocrine cell populations is sufficient for tumor initiation and may result in hormone secretion different from the original mutation-bearing cell [15] . This data might, at least partially, explain non-endocrine precursor lesions of PNETs observed in pancreatic tissue of MEN-1 patients [16] .
Aside from MEN-1, other genetic syndromes can lead to PNETs. Specifically, von Hippel-Lindau disease (VHL), neurofibromatosis type 1 (NF-1) and possibly tuberous sclerosis (TSC) are associated with endocrine neoplasms.
Role of Angiogensis in PNET Progression
Although the exact mechanisms of the PNET development in VHL patients are not yet elucidated, dysregulated neogenesis of vessels is likely to be one of the key mechanisms. The penetrance of VHL mutation on the development of PNETs is low. Only 11-17% of VHL patients develop true endocrine neoplasia of the pancreas [17, 18] . The VHL gene is located on chromosome 3p25-26 [19] . Its germline mutations are highly heterogenous and result in the loss-of-function of the protein [20] . The VHL protein is known to degrade the alpha-subunit of hypoxia-inducible factor (HIF). Lack of HIF degradation leads to the uncontrolled production of factors associated with vessel neogenesis [21] . According to this mechanism, PNETs are highly vascularized tumors, thus distinguishable from other pancreatic primaries [22] . Allelic loss centromeric to VHL locus was observed in VHL kindred and loss of heterozygosity on chromosme 3p occurs subsequently to VHL mutation and correlates with malignant progression, suggesting a stepwise genetic progression of the disease [12, 23, 24] .
Loss of heterozygosity on chromosome 3p is present in only 30% of sporadic PNETs and is not associated with somatic mutations of VHL. However, the pivotal role of pathological angiogenesis for tumor progression in sporadic PNETs was emphasized by several recent studies. Hypervascularization, tumor architecture and CXCL-12 (chemokine (C-X-C motif) ligand 12) expression are prognostic features of PNETs [25] . Among other thyrosine kinase receptors, epidermal growth factor receptor (EGFR) [26] and vascular endothelial growth factor receptor 2 (VEGFR-2) [27] are likely to be involved in PNET's neo-angiogenesis in humans. There is good evidence, that angiopoietin-2 promotes tumor progression [28] . A rodent multi-stage PNET model revealed the loss of the cell cycle regulator p19
ARF to facilitate the angiogenic switch and tumor initiation of PNETs [29] .
The clinical relevance of PNET's deranged vascularization arises from new and promising therapeutic anti-angiogenetic approaches under investigation in phase II and III clinical trials [30] .
Dysregulated Cell Growth and Proliferation in PNETs
NF-1 and TSC are genetically determined diseases resulting in different tumor syndromes. The association of NF-1 and TSC with duodenal and pancreatic endocrine tumors was casually reported [31] [32] [33] [34] [35] .
NF-1 or TSC1/2 mutations result in loss of function of their protein products neurofibromin and tuberin, respectively. Notably, the intact proteins suppress the function of a common target, namely mTOR (mammalian target of rapamycin) [36, 37] . Furthermore, hypoxia-and HIF-dependent mTOR activation links disturbed mTOR signaling to VHL disease [38] . mTOR is a key regulator of cell growth and integrates a wide variety of cellular inputs, such as growth factors, nutrients, energy status and hypoxia-induced stress. For example, insulin like growth factor receptor type 1 (IGF-1R) is a tyrosine kinase upstream of mTOR. In a rodent model, it was shown that IGF-1R functionality is positively correlated with tumor progression [39] .
mTOR activation leads to a myriad of cell responses and culminates in uncontrolled cell growth. It can be pharmacologically suppressed by rapamycin (Figure 2 ) [40] . Thus, mTOR shows signs of being a formidable candidate for a therapeutic approach in PNETs. Over the last years, high-throughput analyses of differential gene expression of sporadic and MEN-1 associated PNETs yielded several biomarkers, specifically for tumor progression (metastasis) and differentiation from other neuroendocrine cancers [41] [42] [43] [44] [45] [46] [47] . However, none of these biomarkers was sufficient to correlate with patient's outcome or therapeutic impact. Most likely, patient input (8-12 subjects) was too low and study designs varied widely. Recently, the lack of insufficient case-load was overcome by Missiaglia and colleagues, who recruited 72 sporadic primary PNETs, seven matched metastases, five normal pancreata and five islet preparations for differential gene expression analysis. Notably, the study was able to show that two important inhibitors of the mTORpathway, specifically TSC2 and Phosphatase and Tensin Homolog protein (PTEN), were downregulated in PNETs and, on univariate analysis, inversely correlated with tumor aggressiveness and prognosis. The resulting activation of the mTOR-pathway could be suppressed by rapamycin in PNET cell lines. Additionally, the data was sufficient to show that the expression level of fibroblast growth factor 13 in PNETs correlates with poor prognosis [48] .
These data serve as a rationale for treatment of advanced PNETs with Rapamycin and its analogues. So far, two clinical trials evaluating rapamycin and analogues recently raised hope for efficient disease control [49] [50] [51] . Compensatory activation of AKT might be overcome by a combination of therapies [52] .
Conclusions
Although the complex natural history and rarity of PNETs has hampered investigation of tumor initiation and progression for a long time, recent studies on genetically determined and sporadic disease, as well as the establishment of new animal models and cell lines, shed some light on the underlying mechanisms. Noteworthy, a remarkable body of data points to the mTOR-signaling pathway to be centrally dysregulated in PNETs due to several mechanisms. This fact is already reflected in clinically tested mTOR suppressive therapies. Furthermore, mechanisms of dysregulated hypervascularization of the tumor are now at least partially understood. The relevance of tumor neo-angiogenesis on progression and prognosis was perceived and is actually under investigation in interventional clinical trials.
How far epigenetic modifications [53] and differential microRNA-expression [54] are mechanistically involved in the dysregulated signaling pathways of PNETs remains a matter for further investigation. Large tumor banks and significant animal models are desired for additional studies.
